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1.	We implemented the DEFRA ecosystem services framework in an entomological context to provide preliminary estimates of the economic value of four key ecosystem service benefits delivered by dung beetles (Coleoptera: Scarabaeidae, Geotrupidae) to cattle farmers and the UK cattle industry. These benefits included (1) reduced pest flies; (2) reduced gastrointestinal parasites; (3) reduced pasture fouling and (4) increased soil nutrients. 
2.	We carried out a mesocosm experiment to quantify the impacts of anthelmintic treatment on dung removal by dung beetles when (1) cattle were excreting anthelmintics (which affect dung beetles) in sufficient concentration to impact dung beetles and (2) when cattle were not excreting dung containing anthelmintics (which affect dung beetles) in sufficient concentration to impact dung beetles.
3.	Inferring from our mesocosm experiment and existing data, we estimated the value of the benefits of dung beetles under current farming practices (and current anthelmintic usage). We then estimated the potential economic benefits if dung beetles were protected (1) under all entry-level agri-environment schemes; (2) under organic schemes or (3) if farmers stopped treating adult cattle with anthelmintics during the grazing season.
4.	Whilst our estimates are preliminary, and should not be treated as definitive values, we suggest that dung beetles may be currently saving the UK cattle industry c. £367 million each year; c. £354 million in conventional systems and c. £13 million in organic systems. Annual benefits per cow are greater in organic systems (£43.47) compared to conventional systems (£37.42).
5.	Protecting dung beetles under agri-environment schemes could save the UK cattle industry an additional £40.2 million per year (£4.36 per cow), while protecting dung beetles under organic schemes could save £378k per year (£1.26 per cow). The cessation of, largely unnecessary, treatment of adult cattle with anthelmintics could save the UK cattle industry an additional £6.2 million per year (£1.40 per cow) in addition to savings on the anthelmintics themselves.
6.	Our estimates are based upon a large number of underlying assumptions and thus may be overestimating or underestimating the economic value of ecosystem services delivered by dung beetles.




Ecosystem functions can be defined as the biogeochemical activities of an ecosystem or the flow of materials and processing of energy (Ehrlich & Wilson, 1991). Ecosystem functions deemed important to humanity are referred to as “ecosystem services”. Such services may include primary production, pollination, seed dispersal, biological pest control, nutrient cycling and water quality. 
Ecosystem service assessments are increasingly being recognised as comprehensive and transparent tools to explore how drivers of change (e.g. land use, climate and demographic changes) impact ecosystem functioning (e.g. dung decomposition) and subsequently the delivery of ecosystem service benefits that are important to people (e.g. increased primary production) (DEFRA, 2007a, b; TEEB, 2010; UK NEA, 2011). These services may be classified as provisioning, regulating and cultural (Haines-Young and Potschin, 2013). 
Agricultural landscapes are popular systems for the study of ecosystem services provided by wildlife due to human reliance on optimal functioning and high levels of disturbance. Globally, extensive pasture systems cover 2.0 billion ha and represent 78% of agricultural land area (Steinfeld et al., 2006). The productivity of these pasture systems is greatly affected by the accumulation of dung from the livestock that graze them. Livestock dung is an important source of soil nutrients: Aitken et al. (2002) estimated that the value of manure produced in the UK is c. £200 million per year, However, the accumulation of dung on the pasture surface reduces the available grazing area (Beynon et al. 2012b) and facilitates the spread of pests and disease (Doube et al., 1988; Fincher, 1975). Beynon et al. (2012b) estimated that, if it were not broken down, dung accumulation could remove up to 4.8% of the total area of permanent pasture in England each year.  
Dung beetles play a key role in dung decomposition in both temperate (Gittings et al., 1994) and tropical (Barragan et al., 2011) agroecosystems and may improve the efficiency of livestock production systems (Herrero & Thornton, 2013). Due to their functional importance, they have been described as key ‘Ecosystem Services Providers’ (Nichols et al., 2008). 
The ecosystem function of dung decomposition in agricultural grasslands has been identified as one of 100 key questions of high policy relevance in the UK (Sutherland et al., 2006). However, in practice, with notable exceptions (e.g. Welsh Government, 2015), the contribution that dung beetles make to dung decomposition is often ignored in management and policy decisions; arguably due to lack of information available about the economic benefits that dung beetles can deliver. Ecosystem service assessments provide a toolkit to bridge this knowledge gap.
In this paper, we focus on the ecosystem function of dung removal by dung beetles (Coleoptera: Scarabaeidae, Geotrupidae) in cattle-grazed pasture systems in the UK, and the potential of this function to deliver a range of ecosystem service benefits (Table 1). As far as we are aware, there have been only two attempts to quantify the economic benefits of ecosystem services provided by dung beetles. Fincher (1981) calculated the economic value of dung beetles in US pasture systems to be USD 2 billion annually. The study focused upon the services associated of reduced pest fly populations, reduced livestock gastrointestinal parasites, reduced pasture fouling and increased nitrogen cycling. Losey & Vaughan (2006) based their quantification on a percentage by which dung beetles increased dung removal and used this percentage to determine by how much dung beetles reduced livestock parasites and pests, reduced pasture fouling and increased rates of nutrient cycling. They estimated that ecosystem services provided by dung beetles may save the US cattle industry c. USD 380 million per year. 
Disturbances in agroecosystems may affect dung beetle communities, reducing rates of dung removal and the associated benefits (Beynon 2013; Beynon et al., 2012a). Disturbances of dung beetle communities in agroecosystems include agricultural intensification and the associated practice of treating livestock with anthelmintics and ectoparasiticides to control internal and external parasites (Barragan et al., 2011; Hutton & Giller, 2003; Matson et al., 1997; Rosenlew & Roslin, 2008; Wall & Beynon, 2012). A number of modelling studies have attempted to quantify the potential impact of anthelmintics on dung beetles. These include Sherratt et al. (1998); Vale & Grant (2002) and Wardhaugh et al. (2001). 
We adopted the ‘ecosystem services framework’ (DEFRA, 2007a, b) to quantify the ecological and economic impacts of dung beetles on four ecosystem services: reduced pest flies; reduced livestock gastrointestinal parasites; reduced pasture fouling and increased nutrient cycling (Table 1). We built upon existing ecological (Boxall et al., 2007; Sherratt et al., 1998; Vale & Grant, 2002; Wardhaugh et al., 2001) and economic (Fincher, 1981; Losey & Vaughan, 2006) valuation models, incorporating data from a mesocosm experiment, as well as a range of new variables, within our model. We believe that our current approach delivers the most detailed valuation assessment to date. 
Methods
Proposed scenarios for protecting and enhancing services delivered by dung beetles
The direct economic benefits delivered by dung beetles to individual farmers and the UK cattle industry were quantified based upon two scenarios; the ‘Current’ scenario and an ‘Alternative’ scenario, in both conventional and organic systems for beef and dairy cattle. The estimates for existing services delivered by dung beetles formed the bases of our ‘Current’ scenarios. Within the ‘Alternative’ scenarios, we valued the economic benefits of three potential ways of protecting dung beetles within UK agricultural policy, based upon changes in anthelmintic use (using only anthelmintics that do not affect dung beetles during the grazing season of 260d / yr (DairyCo, 2014)). The ‘Alternative’ scenarios are: (1) dung beetles would be offered protection under all entry-level agri-environment schemes (assuming that 47% of UK cattle are from farms enrolled in agri-environmental schemes (Supplementary Information, Table S1)); (2) dung beetles would be offered protection under organic schemes and (3) adult cows would not be treated for gastrointestinal parasites during the March-October grazing season. Although production yields in adult cows, especially dairy cows, can be reduced by gastrointestinal parasites, many adult cows that have been exposed to gastrointestinal parasites will have developed some level of immunity (Gross et al., 1999; Murphy et al., 2006) so regular anthelmintic treatment may not be necessary: therefore our third ‘Alternative’ scenario is viable. 
A key feature of our models is the recognition that certain anthelmintics have negative impacts on ecosystem functioning mediated by dung beetles. Other changes in the agricultural landscape, such as changes in livestock numbers, pasture management and fragmentation, may also influence dung beetle communities (Hutton & Giller, 2003; Rosenlew & Roslin, 2008), but data on the functional impacts of these perturbations are sparse. 
To calculate the values of the benefits mediated by dung beetle under our scenarios, the first step was to quantify the impact of the anthelmintics, known to affect dung beetles, on the function of dung removal. Of the anthelmintics used to treat UK cattle, the order of toxicity to dung beetles is doramectin > ivermectin ≈ eprinomectin > synthetic pyrethroids (largely for pest fly control) ≈ clorsulon (for liver fluke Fasciola hepatica L. control) >> moxidectin (Floate et al., 2001). The imidazothiazoles (levamisole), benzimidazoles and related compounds (albendazole, fenbendazole, oxfendazole, triclabendazole (for liver fluke)), aminoacetonitrile derivatives (monepantel), phenol derivatives (nitroxynil) and salicylanilides (closantel – for liver fluke) are unlikely to impact dung beetles, as they are either not toxic to dung beetles or are primarily excreted in urine and not dung (Lumaret et al., 2013). We focussed on the macrocyclic lactone anthelmintics doramectin, ivermectin and eprinomectin as having negative effects on dung beetles, due to their prevalence of use in the UK cattle industry (Barton et al., 2006) and the fact that ivermectin is the most popular livestock anthelmintic in the UK (Boxall et al., 2007). Our estimates are likely to be conservative, as we excluded other anthelmintics, including clorsulon, synthetic pyrethroids and moxidectin, due to lack of sufficient data, despite the fact that all may negatively affect dung beetles (Floate et al., 2002; Sundlof & Whitlock, 1992; Wardhaugh et al., 1998).
Landscape scale data on differences in dung beetle community structure and rates of dung removal between cattle farms that regularly use anthelmintics known to affect dung beetles, and those that do not, is largely lacking in the UK with only a few exceptions (e.g. Hutton & Giller, 2003). Therefore, to improve estimates of the effects of anthelmintics of dung beetle functioning, we used data from a small mesocosm experiment (Table 2; Supporting Information, Fig. S1, Table S2). The experiment quantified dung removal by two different dung beetle communities: ‘Poor diversity’ (a community typical of a farming system where anthelmintics known to affect dung beetles are used regularly) and ‘Medium diversity’ (a community typical of a farming system where anthelmintics known to affect dung beetles are not used regularly). 
Rates of dung removal by dung beetles, and the impact of anthelmintics on this function, are highly variable (Supporting Information, Table S3). Time of year, weather, dung consistency and dung beetle community metrics, as well as whether wet or dry mass of dung removed is measured, may all contribute to this variability. To ensure that our estimates were representative of effects of anthelmintics on functioning across the UK grazing season and across geographic locations, we compared our mesocosm estimates with a meta-analysis of existing north temperate data on dung beetle functioning (dung removal) in dung from cattle treated, and not-treated, with the anthelmintic, ivermectin (Supporting Information, Table S3). We did not include other anthelmintics that affect dung beetles, due to there being insufficient data available, or no control group without dung beetles included in experiments.
In our mesocosm experiment, the ‘Poor diversity’ community removed an additional 4.38% of dung compared to the control without dung beetles, while the ‘Medium diversity’ community removed an additional 31.75% of dung compared to the control without dung beetles (Table 2). We respectively classified these two communities as having ‘Low’ and ‘High’ functioning capacity. Both of these values lie within the 95% confidence intervals for the mean value for dung beetle functioning as estimated in the meta-analysis: ‘Poor diversity’ communities = 20.53%±20.56% and ‘Medium diversity’ communities = 45.03%±23.09% (Supporting Information, Table S3).
Subsequently, using data for doramectin, ivermectin and eprinomectin, we estimated the number of days (post treatment) for which the concentration of anthelmintic found in cattle dung was high enough to induce lethal or sub-lethal (e.g. reduced fecundity or dispersal ability) effects on dung beetles. We called this period ‘Toxic Dung Days (TDD)’. The average TDD was 14 days post treatment (Table 3). For all TDD post treatment with anthelmintics, we used the ‘Low’ functioning figure (outlined above), and for the non-TDD, we used the ‘High’ functioning figure to calculate dung removal. 
In order to calculate the number of cattle treated with anthelmintics that affect dung beetles, we derived population estimates and frequency of anthelmintic treatments for UK dairy and beef conventional (Supporting Information, Table S4) and organic (Supporting Information, Tables S5) cattle according to age. The area of pasture fouled each year was then calculated for conventional (Supporting Information, Tables S6) and organic (Supporting Information, Tables S7) cattle according to age. This area was calculated for (a) dung containing anthelmintics (which affect dung beetles) in sufficient concentration to impact dung beetles and (b) dung not containing anthelmintics (which affect dung beetles) in sufficient concentration to impact dung beetles.
Approach used to estimate the economic value of changes to services mediated by dung beetles under our scenarios.
To quantify the economic value of ecosystem services provided by dung beetles to cattle farmers and the UK cattle industry, we first predicted how our scenarios (outlined above) would impact the delivery of four key services. We then estimated the impacts, of changes in the provision of these services, on agricultural output. In our assessment, we focussed on four important ecosystem services provided by dung beetles: pest fly control, gastrointestinal parasite control, reductions in pasture fouling and increased nutrient cycling. Below, we provide detail of how our scenarios impact the delivery of these services. To assess the impacts of these services on agricultural output, we relied on a suite of production estimates based on average milk yields (and milk prices) and daily liveweight gains (and deadweight carcass prices) according to cattle age in conventional and organic systems (Supporting Information, Table S8). The value of land tenure and nutrients (nitrogen, phosphorus and potassium) were also used to value ecosystem services derived from dung beetles.
	Control of pest flies
We focussed on two livestock pest fly species which breed in dung: the horn fly Haematobia irritans L. and the face fly Musca autumnalis De Geer. The horn fly is one of the most economically significant pests of cattle worldwide and is widely distributed throughout Europe. Horn fly larvae develop in cattle dung, while the adult flies (obligate blood feeders) irritate cattle, requiring them to expend energy in defensive behaviour against the flies (Byford et al., 1992). Face flies are also economically significant as they again irritate cattle and play a key role in the transmission of both Moraxella bovis (the principle causative agent of bovine pink eye) and infectious bovine keratoconjunctvitis (Krafsur & Moon, 1997). Both fly species may either directly, or indirectly, reduce milk yields and liveweight gains (Supporting Information, Table S9). 
Dung beetles can reduce the survival of pest flies in both field and laboratory experiments (e.g. Hirschberger, 1997), as a result of competition for resources. However, the relationship under natural field conditions is less clear (Supporting Information, Table S10). There also appear to be no data on dung beetle effects on survival rates of pest flies in the UK. Therefore, in-line with our mesocosm experiment results for dung removal (Table 2), we assumed that ‘Low’ dung beetle functioning reduced the abundance of face flies and horn flies by 4.38%, while ‘High’ dung beetle functioning reduced the abundance of face flies and horn flies by 31.75%. A meta-analysis of existing data suggests that dung beetles may reduce the abundance of cattle pest flies by 57.75%±34.11% (Supporting Information, Table S11). However, most of the data for the meta-analysis comes from Australia, South Africa and the US, where rates of dung removal are generally faster than the UK. 
 We used the following calculation (1) to derive valuation estimates of the mediating effects of dung beetles on the control of pest flies: 
tp * pif * mydw = ry * vr = dbes	
whereby tp represents number of cattle (by age) treated, or not treated, with anthelmintics that affect dung beetles; pif represents the percentage of cattle affected by pest flies; mydw represents the time period (in days) over which milk yield or daily liveweight gain is affected; ry is the reduction in milk yield, or daily liveweight gain; vr is the value of prevented milk yield or daily liveweight gain reduction and dbes represents the value (£ / yr) of control of pest flies mediated by dung beetles (corresponding to ‘Low’ and ‘High’ dung beetle functionality as a factor of TDD).  
To illustrate our method, we use the impact of face flies on lactating conventional dairy cows as an example. The total population of UK dairy cows >2 years old (as of 2012) is 2.18 million (tp).  Around 1.3% (or 28,340 cows) of (tp) are assumed to be affected by bovine pinkeye (pif). We assumed that face flies impact dairy cows over the main grazing season of ~260 days, during which period, they may produce 5,303 litres / cow of milk (mydw). Over this time period, face flies may reduce yields by 25% (Supporting Information, Table S9), thus reducing total annual milk yield by 37.6 million litres (ry). The value of this reduction in yield is £11.89 million / year (yr), assuming a milk price of £0.31p / litre. The value of biological control mediated by dung beetles is then a factor of TDD. We assumed that each anthelmintic treatment results in 14 TDD post-treatment, and 50% of dairy cattle receive one treatment per year. Therefore we applied 7 TDD to our estimates. Thus (dbes) was calculated by adding together the value of the reduction in yield when cows are producing dung not containing anthelmintics (which affect dung beetles) in sufficient concentration to impact dung beetles (£11.89 million / 260 days = £0.046 million / day × 253 days = £11.57 million × 31.75% (‘High’ functioning) = £3.69 million) with the value of the reduction in yield when cows are producing dung containing anthelmintics (which affect dung beetles) in sufficient concentration to impact dung beetles (£11.89 million / 260 days = £0.046 million / day × 7 days = £0.32 million × 4.38% (‘Low’ functioning) = £0.014 million). Added together, the total saving (dbes) is £3.69 million / year​[1]​ for conventional adult dairy cattle under the ‘Current’ scenario. The above calculations were repeated (but using liveweight gains instead of milk yields) for reductions of the impacts of face flies, mediated by dung beetles, on beef cattle >2 yrs (£1.16 million / yr), cattle 1 – 2 yrs (£1.17 million / yr) and cattle < 1 yr (£1.43 million / yr), giving a total annual cost saving for face fly control mediated by dung beetles in conventional farming systems of £7.45 million (Table 4).
	Gastrointestinal parasite control
The majority of grazing ruminants are infected by gastrointestinal parasites which negatively impact on feed intake, liveweight gains, carcass weight, carcass composition, fertility and milk yield (Corwin, 1997; Craig, 1988; Fitzpatrick, 2013; Supporting Information, Table S9). The eggs of most gastrointestinal parasites pass out in the faeces and their larvae migrate onto pastures where they are ingested by grazing ruminants (Waller, 2006). Dung beetles can reduce livestock gastrointestinal parasite burdens (reviewed by Nichols & Gomez, 2014; Supporting Information, Table S11) and may also reduce the abundance of Pilobolus sporangia, a fungus that can disperse gastrointestinal parasite larvae on pasture (Biggane & Gormally, 1994; Gormally, 1993). We are not aware of any data on dung beetle influences on cattle gastrointestinal parasites from UK livestock systems. Therefore, again following our mesocosm experiment for dung removal, we assumed that ‘Low’ functioning by dung beetles reduced gastrointestinal parasite populations by 4.58%; while ‘High’ functioning by dung beetles reduced gastrointestinal parasite populations by 31.75% (Table 2). A synthesis of existing non-UK data (Supporting Information, Table S11) suggests that, on average, dung beetles can reduce parasite populations by 50.12%±91.13%. 
To estimate the value (£ / yr) of gastrointestinal parasite control mediated by dung beetles we used the same calculation as in (1) with a modification whereby tp represents the number of anthelmintic treatments / animal / year (by age). When calculating pif, we considered that anthelmintics would be c. 100% effective in reducing gastrointestinal parasite burdens for a period after treatment and therefore dung beetles could not enhance ecosystem service provision during this time. Using data in Taylor (2010), for anthelmintics known to affect dung beetles, we calculated the mean duration that the active ingredients remain toxic to parasites as 24.64 days and excluded benefits mediated by dung beetles during this period after each treatment. To ensure that our estimate was conservative, we also excluded beef cattle >2 years old as we assumed that the majority would have developed immunity to gastrointestinal parasites (Murphy et al., 2006).
	Reductions in pasture fouling
To estimate the economic benefits mediated by dung beetles on reduced pasture fouling, we again utilised data from our mesocosm experiment (Table 2; Supporting Information, Fig. S1, Table S2), which is supported by a meta-analysis of existing data for dung removal by dung beetles (Supporting Information, Fig. S3). We assumed the following calculation (2) whereby the area of pasture covered in dung (ac) is representative of the number of dung pats / day produced by an individual cow (by age) (dp) multiplied by average dung pat area (m2) (by age) (da), multiplied by the number of days cattle spend on pasture / year (t) which is equal to dung pat area / cow (by age) / ha / year (b):         
ac = dp * da * t = b
In (3) we assumed that the total area covered (tac) is equal to (ac) multiplied by the number of cattle (by age) treated, and not treated, with anthelmintics (which affect dung beetles) in sufficient concentration to impact dung beetles (tp):
tac = ac * tp
As well as accounting for the area of pasture covered in dung, we also considered the area around each dung pat that is avoided by cattle. Following Fincher (1981), we assumed that an area five times that of the dung pat is affected by faecal contamination and not grazed by cattle. We used the following calculation (4) for value estimates:    
tp * fac = tfac5 = rfp * 245 = tvrf
whereby tp represents cattle (by age) treated, or not treated, with anthelmintics (which affect dung beetles) in sufficient concentration to impact dung beetles, and fac is the area covered in dung / cow (by age) / ha / yr. fac for cattle treated with anthelmintics (which affect dung beetles) in sufficient concentration to impact dung beetles required calculations based upon data in Supporting Information (Tables S6, S7) to determine the amount of dung containing (and not containing) anthelmintics (which affect dung beetles) in sufficient concentration to impact dung beetles on pastures per annum. This derived tfac5 (total faecal area covered, incorporating rejected pasture area) for dung containing, and not containing, anthelmintics (which affect dung beetles) in sufficient concentration to impact dung beetles. rfp is a determination of tfac5 multiplied by either ‘High’ or ‘Low’ functioning.  Multiplying these values by land tenure prices of £245 / ha (DairyCo, 2013) gave tvrf (total value of reduced pasture fouling / yr).  
	Increased nutrient cycling
The macronutrients nitrogen (N); phosphorus (P); potassium (K); calcium (Ca) and magnesium (Mg) may be higher in soil under dung exposed to dung beetles compared to when dung beetles were excluded (Bang et al., 2005; Bertone, 2004; Doube, 2008; Kazuhira et al., 1991; Mittal, 1993; Yamada et al., 2007; Supporting Information, Table S12). Fresh dung may contain 1040 kg N / ha-1, 400 kg K / ha-1 and 280 kg P / ha-1 (Haynes & Williams, 1993). We calculated the benefits of dung beetles on nutrient cycling based upon the area (ha) covered in cattle dung per year (and thus nutrients / ha / yr being incorporated into the soil by dung beetles under ‘Low’ and ‘High’ functioning under the ‘Current’ and ‘Alternative’ scenarios). Again, due to lack of robust data from the UK, we used data derived from our mesocosm experiment to predict ‘Low’ (+4.38%) and ‘High’ (+31.75%) levels of dung removal (Table 2). A synthesis of non-UK data suggests that dung beetles can increase soil nutrients by, on average, 130% (Supporting Information, Table S12); however, the data from the meta-analysis are highly variable (SD = 158.23) and so we are confident that our data provide realistic and conservative estimates. Consequently, we used the following calculation for dung beetle effects on nutrient cycling: 
tp * fac = tfac
nd = tfac * nh (n, p, k)
bmn = nd *lhv
von = bmn * nv (n, p, k) = tvnc
Within (5), tp (cattle (by age) treated, or not treated, with anthelmintics that affect dung beetles) was multiplied by fac (faecal area covered) / cow (by age) / year.  This derived tfac (total faecal covered) / ha / yr. In (6) nd (nutrients deposited) is equal to tfac multiplied by nh (kg nutrients / ha) for nitrogen n, phosphorus p and potassium k. In (7) bmn (nutrient cycling mediated by dung beetles) is equal to nh multiplied by lhv (‘Low’ functioning (for dung containing anthelmintics (which affect dung beetles) in sufficient concentration to impact dung beetles) and ‘High’ functioning (dung not containing anthelmintics (which affect dung beetles) in sufficient concentration to impact dung beetles)).  In (8), von (value of nutrients cycled) is a factor of bmn multiplied by nv (nutrient values (£/kg) for (n, p, k) (n = £1.01 / kg); (p = £1.09 / kg) and (k = £0.67 / kg) (EBLEX, 2012).  Thus, we derived tvnc (total value of nutrients cycled / yr) as a result of dung beetle functioning.   
Results
Results are presented for the economic benefits of four key ecosystem services delivered by dung beetles to the UK cattle industry and to individual cattle farmers. Under the ‘Current’ scenario (Table 4), although the total annual value of the benefits for conventional systems (>£350 million) may far outweigh those for organic systems (<£14 million), annual dung beetle benefits per cow (averaged across age categories) are greater in organic systems (£43.47 / year) than in conventional systems (£37.42 / year). 
We also examined the additional benefits of dung beetle protection within the agricultural landscape under three ‘Alternative’ scenarios. Protection under agri-environment schemes, in particular, could offer significant additional savings to the UK cattle industry, which could equate to >£40 million (£4.36 per cow) each year (Table 5). Protecting dung beetles under organic legislation could offer benefits of >£370,000 (£1.26 per cow) each year. If farmers were to stop treating adult cattle with anthelmintics during the grazing season, the dairy industry could save c. £3 million per year (£1.40 per cow) and the beef industry could save >£3.1 million per year (£1.40 per cow) (Table 6). This is in addition to significant savings on the anthelmintics themselves, which would be likely to double these estimates. 
Discussion
Using the DEFRA ecosystems service assessment framework, we estimated the economic value of a suite of four ecosystem services, delivered by dung beetles, to the UK cattle industry. We also estimated the potential economic benefits delivered by dung beetles if they were protected within agri-environment schemes, under organic legislation, or if farmers stopped treating adult cows with anthelmintics.
Method critique
In this paper we report a novel application of the ecosystem services framework (DEFRA, 2007). Due to limited data availability, our model only quantifies a small suite of services and is based on a number of oversimplifications and assumptions. As such, we see our values as preliminary estimates rather than definitive figures. Below, we highlight some of the limitations of our analyses and provide recommendations for closing the gaps in the ecological and economic data, which formed the basis of our valuations.
To better estimate the effects of anthelmintics on dung beetle functioning, we used data from a small mesocosm experiment. However, the selection of dung beetle communities was informed by species-specific adult and larval survival data and dung beetle collection data from farms under different land management practices. This ensured that we attempted to include potential long-term population trends into our model, which would have been largely driven by lethal and sub-lethal impacts of anthelmintics on dung beetles. In our ‘Medium diversity’ community, both species richness (n = 5) and abundance (n = 30) per dung pat were probably lower than is representative (Rosenlew & Roslin, 2008). Additionally, we excluded less common endocoprid species and small paracoprids (e.g. Onthophagus spp.), which may be functionally important and highly sensitive to some anthelmintics, but may also be abundant on some agricultural pastures (Beynon, 2013; Beynon et al., 2012). Nevertheless, the overarching functional efficiency of the large paracoprid Geotrupes stercorarius L. would perhaps have masked any potential effects of including/excluding additional endocoprids or small paracoprids (as in Rosenlew & Roslin (2008)). However, this meant that our estimates were probably conservative and ensured that we have confidence that the communities used to inform our model were representative of improved agricultural pastures, rather than of unimproved pastures or semi-natural/natural habitat, where benefit values may be much greater. In addition, regular treatment of cattle with anthelmintics is likely to suppress dung beetle populations, even when dung containing those anthelmintics (which affect dung beetles) in sufficient concentration to impact dung beetles is not being excreted: we did not take this into account in our model. We also based our estimates on the functioning of an early-summer dung beetle community, which may be functionally less efficient than spring or autumn communities and more efficient than the midsummer community (Landin, 1961; Lee & Wall, 2006; Roslin, 2001). We purposefully selected an early-summer community with species that overlap amongst seasons, to be as representative as possible. 
However, it is also important to note that, after changing patterns of anthelmintic use to benefit dung beetles, the recovery in functioning, and therefore ecosystem service benefits, may not be immediate. Barriers to re-colonisation (e.g. local extinctions or dung beetle species-specific dispersal limitations) may delay, or even prevent, swift population recovery, and/or functional recovery. 
Many of our value estimates relied upon a number of broad generalisations due to a lack of robust, UK-centric data. In particular, information on ecological interactions between dung beetles and pest flies remains exceptionally limited. We assumed that dung beetle effects on pest fly and gastrointestinal parasite control increased proportionally with dung removal. However, this may not be the case (Nichols & Gomez, 2014) and we may have over-estimated dung beetle contributions to pest fly and gastrointestinal parasite control. 
In particular, our estimates of pest fly control mediated by dung beetles rely on a large number of assumptions. These estimates probably contain some of the largest sources of uncertainty in our models. Due to a lack of robust data, and in agreement with Fincher (1981) and Losey & Vaughan (2006), we did not take into account the fact that anthelmintics which are toxic to dung beetles will also be toxic to dung-breeding pest flies. Therefore, we may have been overestimating dung beetle benefits for pest fly control in our ‘Current’ scenario. For our ‘Alternative’ scenarios, if fewer of the more toxic anthelmintics were employed, pest fly abundance may increase over and above any decreases in pest fly abundance due to increased dung removal mediated by dung beetles. It is likely that anthelmintics less toxic to dung beetles will also be less toxic to dung-breeding flies (Boxall et al., 2007; Floate et al., 2001). However, flies are generally more sensitive to anthelmintics than dung beetles (Doherty et al., 1994; Ridsdill-Smith, 1988; Wardhaugh et al., 1998) so may be suppressed by anthelmintics that are less- or non-toxic to dung beetles (Webb et al., 1991): but these anthelmintics may correspondingly be less effective for pest fly control (Doherty et al., 1994; Floate et al., 2001; Strong & Wall, 1994). Nevertheless, we assumed that dung removal mediated by dung beetles, together with the use of anthelmintics that are toxic to pest flies (but less or non-toxic to dung beetles) may deliver net pest fly control similar to that delivered by the more toxic anthelmintics alone. To further control pest flies, farmers could also increase reliance on off-host control (Wall, 2007) or specific fly control treatments (e.g. synthetic pyrethroid ear-tags) but these chemicals may still be toxic to dung beetles (Kruger et al., 1998; Wardhaugh et al., 1998). 
When calculating the benefits mediated by dung beetles on increased soil nutrients, we assumed that the activity of dung beetles would increase soil nutrients relative to the amount of dung removed. Thus we assumed that additional nutrients would otherwise be lost by, for example, leaching into water courses (Hooda et al., 2000) or as greenhouse gas emissions (Penttilä et al., 2013), whereas nutrients may eventually be incorporated into soil by other means (e.g. by soil fauna (Atiyeh et al., 2000)).
Additional potential disbenefits, such as impacts on animal welfare and production associated with changing patterns of anthelmintic usage, may also be underestimated. In practice, this scenario is probably more relevant in beef systems than in dairy systems, as there may be production losses in adult dairy animals due to gastrointestinal parasites (Gross et al., 1999; Murphy et al., 2006). However, issues of parasite resistance to conventional anthelmintics (Jabbar et al., 2006) and potential human health concerns of anthelmintic residues in meat (Cooper et al., 2012) and milk (Moreno et al., 2005) means that savings to individual farmers, and at a policy level, could be greater than we have estimated here.  
Data required for the economic valuation component of this research were considered to be largely robust, in that they were based on actual market values (e.g. market prices for milk and meat) and livestock numbers. It is important to consider that these market values can be highly variable within and across years. Any variation in such values will obviously impact our ecosystem service valuation. Thus the key potential data issues in our estimates are the ecological assumptions, rather than the economic data upon which we relied. Although it would have been desirable to provide rigorous sensitivity analyses, or confidence intervals, the lack of robust data meant that such an assessment of the range of benefits would have been largely meaningless and difficult to defend. The reason that we only report a lower bound estimate is because this estimate is based upon justifiable assumptions.
Future research
Our work not only serves to highlight the benefits of dung beetles within agroecosystems, but also illustrates the application of the DEFRA ecosystem services assessment framework using an entomological example. This method could be used for other ecosystem services and invertebrate (or non-invertebrate) groups in different habitats. 
Although much uncertainty in the model is an inherent feature of the current system (e.g. weather effects on dung beetle activity, colonisation and dung removal, changes in the national herd size, price volatility etc), there are also many gaps in the literature, which, if filled, would reduce the variability in our estimates. Further work to quantify dung beetle, versus anthelmintic, effects on gastrointestinal parasites and pest flies would assist with quantification of their relative efficacy. In addition, it would be useful to compare the relative benefits of (1) off-host control of pest flies; (2) control of pest flies with less toxic anthelmintics plus dung beetles and (3) control of pest flies with the more toxic, broad-spectrum anthelmintics which also affect dung beetles. 
Data on the frequency of treatment of cattle with anthelmintics (and class of anthelmintic used) is not publicly available and the collating of such data is another priority for future work. It would also be interesting to model the impact of aligning the timing of anthelmintic treatment, to coincide with the activity of less sensitive dung beetle species or low dung beetle activity. Results of such work may suggest simple on-farm steps that could increase the benefits mediated by dung beetles. Additionally, running our models with each different class of anthelmintic (or ectoparasiticide) and for different combinations of treatment regimes (e.g. percentage of cohort treated, frequency of treatment and anthelmintic classes used), could suggest ways to reduce, or minimise, trade-offs between the provision of ecosystem services and on-farm profit. Development of this model as a calculation tool for individual farmers based on their on-farm management as well as incorporating indirect ecosystem services in a policy-level valuation would be logical next steps. Values depicted here should be taken as lower bound estimates and do not indicate the full economic, or ecological, importance of dung beetles within the UK.  This means that our value estimates represent highly conservative figures that are robust enough for policy level analysis and application. Furthermore, our study only estimates the direct benefits that dung beetles have on agricultural productivity. We do not quantify the wider, indirect benefits of dung beetles on, for example, greenhouse gas emissions and benefits to biodiversity and aesthetics (see Table 1 for a comprehensive list of ecosystem service benefits). 
Finally, our work offers a novel application of ecological economics which links together policy scenarios implemented through field scale experiments and an ecosystem services approach to valuation. Implementing such an approach is rare within the ecological economics literature. Successful application of the approach adopted here requires interdisciplinary research teams who are willing, and able, to cross subject boundaries. There are significant challenges in terms of acquiring both ecological and economic data and, in particular, collating these data in a format suitable for incorporating into an ecosystem services assessment framework. In our application, the lack of robust data meant that we had to make many assumptions about the relationship between dung beetles and the ecosystem services that they provide, as well as the economic value of those services. To ensure that this type of assessment can produce value estimates suitable for incorporation into policy decisions, it is essential that conservative assumptions are used. We recommend that future work should focus more explicitly on valuation estimates which utilise field-based and ecosystem-based approaches to the valuation of ecosystem services.
Acknowledgements
We wish to thank Paul Manning, Andy Holcroft and Sarah Johnson for fieldwork assistance and for proof reading the manuscript. This project was supported by a Welsh Government Access to Masters programme run through Aberystwyth University and supported by Dr Beynon’s Bug Farm Ltd. The manuscript was greatly improved by comments from John Finn and two anonymous reviewers.
Contribution of authors
Sarah Beynon initiated the research, co-supervised the student project, carried out ~50% of the fieldwork, influenced the design of the model and wrote ~70% of the final paper. Warwick Wainwright wrote ~20% of the paper, carried out ~50% of the fieldwork: He also constructed the economic model, calculated the benefits and used the data for his MSc thesis. Mike Christie co-supervised the student project, provided advice on the economic valuation method and wrote ~10% of the paper.
References
Aitken, M., Sym, G., Douglas, J.T., Campbell, C.D. & Burgess, S.D.J. (2002). Impact of industrial wastes and sheep dip chemicals applied to agricultural land on soil quality. Scottish Environmental Protection Agency Report, Stirling, Scotland. 
Atiyeh, R.M., Dominguez, J., Subler, S. & Edwards, C. A. (2000) Changes in biochemical properties of cow manure during processing by earthworms (Eisenia andrei, Bouché) and the effects on seedling growth. Pedobiologia, 44, 709-724.
Bang, H.S., Lee, J.-H., Kwon, O.S., Na, Y.E., Jang, Y.S. & Kim, W.H. (2005) Effects of paracoprid dung beetles (Coleoptera: Scarabaeidae) on the growth of pasture herbage and on the underlying soil. Applied Soil Ecology, 29, 165-171.
Barragan, F., Moreno, C.E., Escobar, F., Halffter, G. & Navarrete, D. (2011) Negative impacts of human land use on dung beetle functional diversity. PLoS ONE, 6, e17976 
Barton, C.H.J., Dale, E. F., Dixon, C. & Coles, G.C. (2006) Survey of parasite control on beef farms in south-west England. Veterinary Record, 159, 682-883.
Bertone, M. (2004) Dung beetles (Coleoptera: Scarabaeidae and Geotrupidae) of North Carolina cattle pastures and their implications for pasture improvement. MSc Thesis. North Carolina University, Raleigh, North Carolina, US.
Beynon, S.A. (2013) Factors affecting ecosystem service provision by dung-associated invertebrates. D.Phil. Thesis, University of Oxford, Oxford, UK.
Beynon, S.A., Mann, D.J., Slade, E.M. & Lewis, O.T. (2012a) Species-rich dung beetle communities buffer ecosystem services in perturbed agro-ecosystems. Journal of Applied Ecology, 49, 1365-1372.
Beynon, S.A., Peck, M., Mann, D.J. & Lewis, O.T. (2012b) Consequences of alternative and conventional endoparasite control in cattle for dung-associated invertebrates and ecosystem functioning. Agriculture, Ecosystems and Environment, 162, 36-44.
Biggane, R.P.J. & Gormally, M.J. (1994) The effect of dung beetle activity on the discharge of Pilobolus (Fungi: Mucorales) sporangia in cattle, sheep and horse feces. Entomophaga, 39, 95-98.
Boxall, A.B.A., Sherratt, T.N., Pudner, V. & Pope, L.J. (2007) A screening level index for assessing the impacts of veterinary medicines on dung flies. Environmental Science & Technology, 41, 2630-2635.
Brown, J., Scholtz, C.H., Janeau, J.L., Grellier, S. & Podwojewski, P. (2010) Dung beetles (Coleoptera: Scarabaeidae) can improve soil hydrological properties. Applied Soil Ecology, 46, 9-16.
Byford, R.L., Craig, M.E.,& Crosby, B.L. (1992) A review of ectoparasites and their effect on cattle production. Journal of Animal Science, 70, 597-602.
Cooper, K.M., Whyte, M., Danaher, M. & Kennedy, D.G. (2012) Emergency slaughter of casualty cattle increases the prevalence of anthelmintic drug residues in muscle. Food Additives and Contaminants Part a-Chemistry Analysis Control Exposure & Risk Assessment, 29, 1263-1271. Corwin, R.M. (1997) Economics of gastrointestinal parasitism of cattle. Veterinary Parasitology, 72, 451-460.
Craig, T.M. (1988) Impact of internal parasites on beef cattle. Journal of Animal Science, 66, 1565-1569.
Dadour, I.R., Cook, D.F. & Hennessy, D. (2000) Reproduction and survival of the dung beetle Onthophagus binodis (Coleoptera : Scarabaeidae) exposed to abamectin and doramectin residues in cattle dung. Environmental Entomology, 29, 1116-1122.
DairyCo (2013) Dairy Statistics: An insider’s guide 2013.  Agriculture and Horticultural Development board. Kenilworth, Warwickshire, UK. 
Davis, A.L.V., Scholtz, C.H., Dooley, P.W., Bharm, N. & Kryger, U. (2004) Scarabaeine dung beetles as indicators of biodiversity, habitat transformation and pest control chemicals in agro-ecosystems. South African Journal of Science, 100, 415-424.
DEFRA (2007a) An introductory guide to valuing ecosystem services. UK Government, London, UK.
DEFRA (2007b) Securing a healthy natural environment: An action plan for embedding an ecosystems approach.  UK Government, London, UK.  
Doherty, W.M., Stewart, N.P., Cobb, R.M. & Keiran, P.J. (1994) In-vitro comparison of the larvicidal activity of moxidectin and abamectin against Onthophagus gazella (F) (Coleoptera, Scarabaeidae) and Haematobia irritans Demeijere (Diptera, Muscidae). Journal of the Australian Entomological Society, 33, 71-74.
Doube, B.M. (2008) The pasture growth and environmental benefits of dung beetles to the southern Australian cattle industry. Meat & Livestock Industry, North Sydney, NSW.
Doube, B.M., Macqueen, A. & Fay, H. A. C. (1988) Effects of dung fauna on survival and size of buffalo flies (Haematobia spp.) breeding in the field in South Africa and Australia. Journal of Applied Ecology, 25, 523-536.
EBLEX (2012) Managing nutrients for better returns.  Beef and sheep BRP manual 7.  Better returns programme.  EBLEX, Warwickshire, UK. 
Ehrlich, P.R. & Wilson, E.O. (1991) Biodiversity studies: Science and policy. Science, 253, 758-762.
Fincher, G.T. (1975) Effects of dung beetle activity on number of nematode parasites acquired by grazing cattle. Journal of Parasitology, 61, 759-762.
Fincher, G.T. (1981) The potential value of dung beetles in pasture ecosystems. Journal of the Georgia Entomological Society, 16, 316-333.
Fitzpatrick, J.L. (2013) Global food security: The impact of veterinary parasites and parasitologists. Veterinary Parasitology, 195, 233-248.
Floate, K.D., Bouchard, P., Holroyd, G., Poulin, R. & Wellicome, T.I. (2008) Does doramectin use on cattle indirectly affect the endangered burrowing owl? Rangeland Ecology & Management, 61, 543-553.
Floate, K.D., Colwell, D.D. & Fox, A.S. (2002) Reductions of non-pest insects in dung of cattle treated with endectocides: a comparison of four products. Bulletin of Entomological Research, 92, 471-481.
Floate, K.D., Spooner, R. W. & Colwell, D. D. (2001) Larvicidal activity of endectocides against pest flies in the dung of treated cattle. Medical and Veterinary Entomology, 15, 117-120.
Gittings, T., Giller, P.S. & Stakelum, G. (1994) Dung decomposition in contrasting temperate pastures in relation to dung beetle and earthworm activity. Pedobiologia, 38, 455-474.
Gormally, M.J. (1993) The effect of dung beetle activity on the discharge of Pilobolus sporangia in cattle feces. Medical and Veterinary Entomology, 7, 197-198.
Grønvold, J., Sommer, C., Holter, P. & Nansen, P. (1992) Reduced splash dispersal of bovine parasitic nematodes from cow pats by the dung beetle Diastellopalpus quinquedens. Journal of Parasitology, 78, 845-848.
Gross, S.J., Ryan., W. G. & Ploeger, H. W. (1999) Anthelmintic treatment of dairy cows and its effect on milk production. Veterinary Record, 144, 581-587.
Haines-Young, R. and Potschin, M. (2013) Common International Classification of Ecosystem Services (CICES): Consultation on Version 4, August-December 2012. EEA Framework Contract No EEA/IEA/09/003.
Haynes, R.J. & Williams, P.H. (1993) Nutrient cycling and soil fertility in the grazed pasture ecosystem. Advances in Agronomy, USA.
Herrero, M. & Thornton, P.K. (2013) Livestock and global change: Emerging issues for sustainable food systems. Proceedings of the National Academy of Sciences, 110, 20878-20881.
Hooda, P.S., Edwards, A.C., Anderson, H.A. & Miller, A. (2000) A review of water quality concerns in livestock farming areas. Science of the Total Environment, 250, 143-167.
Hutton, S.A. & Giller, P.S. (2003) The effects of the intensification of agriculture on northern temperate dung beetle communities. Journal of Applied Ecology, 40, 994-1007.
Iwasa, M., Maruo, T., Ueda, M. & Yamashita, N. (2007) Adverse effects of ivermectin on the dung beetles, Caccobius jessoensis Harold, and rare species, Copris ochus Motschulsky and Copris acutidens Motschulsky (Coleoptera : Scarabaeidae), in Japan. Bulletin of Entomological Research, 97, 619-625.
Iwasa, M., Nakamura, T., Fukaki, K. & Yamashita, N. (2005) Nontarget effects of ivermectin on coprophagous insects in Japan. Environmental Entomology, 34, 1485-1492.
Jabbar, A., Iqbal, Z., Kerboeuf, D., Muhammad, G., Khan, M.N. & Afaq, M. (2006) Anthelmintic resistance: The state of play revisited. Life Sciences, 79, 2413-2431. 
Kadiri, N., Lumaret, J.P. & Janati-Idrissi, A. (1999) Macrocyclic lactones: impact on non-target fauna in pastures. Annales De La Societe Entomologique De France, 35, 222-229.
Kazuhira, Y., Hdeaki, K., Takuro, K. & Toshiharu, A. (1991) Nitrogen mineralization and microbial populations in cow dung, dung balls and underlying soil affected by paracoprid dung beetles. Soil Biology and Biochemistry, 23, 649-653.
Krafsur, E.S. & Moon, R.D. (1997) Bionomics of the face fly, Musca autumnalis. Annual Review of Entomology, 42, 503-523.
Kruger, K., Scholtz, C.H. & Reinhardt, K. (1998) Effects of the pyrethroid flumethrin on colonisation and degradation of cattle dung by adult insects. South African Journal of Science, 94, 129-133.
Landin, B.-O. (1961) Ecological studies on dung-beetles (Coleoptera: Scarabaeidae). Berlingska Boktryckeriet, Lund.
Lee, C. & Wall, R. (2006) Distribution and abundance of insects colonizing cattle dung in South West England. Journal of Natural History, 40, 1167-1177.
Losey, J.E. & Vaughan, M. (2006) The economic value of ecological services provided by insects. Bioscience, 56, 311-323.
Lumaret, J.P., Rö mbke, J., Kadiri, N,Errouissi, F., Tixier, T. & Floate, K. (2013) Antiparasitics and their impact on soil and dung fauna. International UBA Workshop “Pharmaceuticals in Soil, Sludge and Slurry”, Dessau-Roßlau , Germany.
Matson, P.A., Parton, W.J., Power, A.G. & Swift, M.J. (1997) Agricultural intensification and ecosystem properties. Science, 277, 504-509.
Mittal, I.C. (1993) Natural manuring and soil conditioning by dung beetles. Tropical Ecology, 34, 150-159.
Moreno, L., Imperiale, F., Mottier, L., Alvarez, L. & Lanusse, C. (2005) Comparison of milk residue profiles after oral and subcutaneous administration of benzimidazole anthelmintics to dairy cows. Analytica Chimica Acta, 536, 91-99. 
Murphy, T.M., Fahy, K. N., McAuliffe, A., Forbes, A. B., Clegg, T. A. & O’Brien D. J. (2006) A study of helminth parasites in culled cows from Ireland. Preventative Veterinary Medicine, 76, 1-10.
Nichols, E., Spector, S., Louzada, J., Larsen, T., Amequita, S. & Favila, M.E. (2008) Ecological functions and ecosystem services provided by Scarabaeinae dung beetles. Biological Conservation, 141, 1461-1474.
Nichols, E. & Gomez, A. (2014) Dung beetles and fecal helminth transmission: patterns, mechanisms and questions. Parasitology, 141, 614-623.
Penttilä, A., Slade, E.M., Simojoki, A., Riutta, T., Minkkinen, K. & Roslin, T. (2013) Quantifying beetle-mediated effects on gas fluxes from dung pats. PLoS ONE, 8.
Rands, M.R.W., Adams, W.M., Bennun, L., Butchart, S.H.M., Clements, A., Coomes, D., Entwistle, A., Hodge, I., Kapos, V. & Scharlemann, J.P.W. (2010) Biodiversity conservation: challenges beyond 2010. Science, 329, 1298-1303.
Ridsdill-Smith, T.J. (1988) Survival and reproduction of Musca vetustimssima Walker (Diptera: Muscidae) and a Scarabaeine dung beetle in dung of cattle treated with avermectin B1. Australian Journal of Entomology, 27, 175-178.
Rosenlew, H. & Roslin, T. (2008) Habitat fragmentation and the functional efficiency of temperate dung beetles. Oikos, 117, 1659-1666.
Roslin, T. (2001) Large-scale spatial ecology of dung beetles. Ecography, 24, 511-524.
Sherratt, T.N., Macdougall, A.D., Wratten, S.D. & Forbes, A.B. (1998) Models to assist the evaluation of the impact of avermectins on dung insect populations. Ecological Modelling, 110, 165-173.
Steinfeld, H., Gerber, P., Wassenaar, T., Castel, V., Rosales, M. & De Haan, C. (2006) Livestock's Long Shadow. FAO, Rome.
Strong, L. & Wall, R. (1994) Effects of ivermectin and moxidectin on the insects of cattle dung. Bulletin of Entomological Research, 84, 403-409.
Suarez, V.H., Lifschitz, A.L., Sallovitz, J.M. & Lanusse, C.E. (2003) Effects of ivermectin and doramectin faecal residues on the invertebrate colonization of cattle dung. Journal of Applied Entomology, 127, 481-488.
Sundlof, S.F.& Whitlock, T. W. (1992) Clorsulon pharmacokinetics in sheep and goats following oral and intravenous administration. Veterinary Pharmacology and Therapeutics, 15, 282-291.
Sutherland, W.J., Armstrong-Brown, S., Armsworth, P.R., Brereton, T., Brickland, J., Campbell, C.D., Chamberlain, D.E., Cooke, A.I., Dulvy, N.K., Dusic, N.R., Fitton, M., Freckleton, R.P., Godfray, H.C.J., Grout, N., Harvey, H.J., Hedley, C., Hopkins, J.J., Kift, N.B., Kirby, J., Kunin, W.E., Macdonald, D.W., Marker, B., Naura, M., Neale, A.R., Oliver, T., Osborn, D., Pullin, A.S., Shardlow, M.E.A., Showler, D.A., Smith, P.L., Smithers, R.J., Solandt, J.L., Spencer, J., Spray, C.J., Thomas, C.D., Thompson, J., Webb, S.E., Yalden, D.W. & Watkinson, A.R. (2006) The identification of 100 ecological questions of high policy relevance in the UK. Journal of Applied Ecology, 43, 617-627.
Taylor, M.A. (2010) Sustainable worm control strategies for cattle, A technical manual for veterinary surgeons and advisors. Control of Worms Sustainably (COWS).
TEEB (2010) The Economics of Ecosystems and Biodiversity. Mainstreaming the Economics of Nature.   A synthesis of the approach, conclusions and recommendations of TEEB.   
UK NEA (2011) The UK National Ecosystem Assessment. Synthesis of the Key Findings. Cambridge, UK.  
Vale, G.A. & Grant, I.F. (2002) Modelled impact of insecticide-contaminated dung on the abundance and distribution of dung fauna. Bulletin of Entomological Research, 92, 251-263.
Welsh Government (2015) Glastir Advanced: booklet 2. Whole farm code and management options. Wales Rural Development Programme 2014-2020. WG22839, 153-153.
Wall, R. (2007) Ectoparasites: Future challenges in a changing world. Veterinary Parasitology, 148, 62-74.
Wall, R. & Beynon, S. (2012) Area-wide impact of macrocyclic lactone parasiticides in cattle dung. Medical and Veterinary Entomology, 26, 1-8.
Wall, R. & Strong, L. (1987) Environmental consequences of treating cattle with the antiparasitic drug ivermectin. Nature, 327, 418-421.
Waller, P.J. (2006) Sustainable nematode parasite control strategies for ruminant livestock by grazing management and biological control. Animal Feed Science and Technology, 126, 277-289.
Wardhaugh, K.G., Longstaff, B.C. & Lacey, M.J. (1998) Effects of residues of deltamethrin in cattle faeces on the development and survival of three species of dung-breeding insect. Australian Veterinary Journal, 76, 273-280.
Wardhaugh, K.G., Longstaff, B.C. & Morton, R. (2001) A comparison of the development and survival of the dung beetle, Onthophagus taurus (Schreb.) when fed on the faeces of cattle treated with pour-on formulations of eprinomectin or moxidectin. Veterinary Parasitology, 99, 155-168.
Webb, J.D., Burg, J.G., & Knapp, F.W. (1991) Moxidectin evaluation against Solenoptes capillatus (Anoplura, Linognathidae), Bovicola bovis (allophaga, Trichodectidae), and Musca autumnalis (Diptera, Muscidae) on cattle. Journal of Economic Entomology, 84, 1266-1269. 
























^1	  Any discrepancies are due to rounding-up in the text. 
